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Abstract
The development of non-nutritive suck (NNS) burst dynamics in preterm infants reflects
the integrity of the brain and is used clinically to assess feeding readiness and orofacial motor
development (Mizuno and Ueda, 2005). The application of NNS analytics in the present report
represents one outcome measurement set that is part of an ongoing clinical trial involving
extremely preterm infants (EPI’s, <29 weeks gestational age [GA]) randomized to receive either
pulsed orocutaneous stimulation therapeutics or a sham (blind pacifier), in conjunction with
salivary sampling twice weekly to map gene expression of key proteins involved in neural
development and molecular sensing of feeding related pathways in the brain (NIH R01
HD086088, Barlow - PI).
This trial is entering its fourth year of preterm enrollment at neonatal intensive care units
(NICU) in the United States, including Lincoln, NE; Boston, MA; and San Jose, CA). A fourth
NICU, located in Los Angeles, California, joined this trial in December 2018. The present report
aims to characterize the evolution of the NNS burst through implementation of a new automated
Python software platform known as NeoNNS (Liao et al., 2019) that was developed in the
Communication Neuroscience Laboratories at the University of Nebraska - Lincoln. NeoNNS
was designed to handle large data sets sampled at multiple NICUs using batch processing to
automatically perform NNS burst discrimination among cohorts of EPI’s stratified into one of
two groups based on GA. The present report is an interim analysis designed to quantify NNS
burst formation in EPI’s using the spatiotemporal index (STI) calculation as a function of sex,
respiratory diagnosis (bronchopulmonary dysplasia (BPD) and respiratory distress syndrome
(RDS)), orosensory treatment, and postmenstrual age (PMA) using a repeated measures design.
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Linear Mixed Modeling (LMM) was utilized to calculate dependent variable STI on a
sample of 817 NNS compression pressure waveforms sampled from 42 EPI participants. Main
effects for Sex (p=.7263) and respiratory diagnosis [RDS, BPD] (p=.2128) were not significant.
There was a marginally significant Treatment effect (p<.10). The NNS STI metric was
significantly influenced by postmenstrual age (p<.0001).
In spite of the small sample size for this interim analysis of NNS burst pattern formation,
these findings support the hypothesis that an automated quantitative measure of NNS burst
variance in medically fragile EPI’s is strongly dependent on postmenstrual age, and can provide
clinicians with an objective method for charting the progression of ororhythmic motor pattern
formation as infants progress in the NICU towards independent oral feeding.
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Introduction

Central Pattern Generators
Central pattern generators (CPG’s) are premotor internuncial circuits found in the
developing brainstem and spinal cord, but also have representation in cerebral and cerebellar
networks as the nervous system matures. CPG’s feature highly adaptive premotor networks and
pacemaker neurons that activate subgroups of lower motor neurons to initiate task-specific motor
patterns. They also modulate cycle duration as well as the duration and intensity of lower motor
neuron bursts in response to central nervous system (CNS) and sensory inputs (Barlow, 2009a;
Barlow et al., 2010). Locomotor CPG’s in the spinal cord have been studied extensively in a
variety of decerebrate animal models and are known to generate coordinated cyclic movement
patterns such as walking, running, trotting, wing-beat for flight, and swimming. Locomotor
CPG’s are highly responsive to sensory inputs to regulate the phase and timing of limb
movements. Related to feeding and breathing, CPG’s localized in the brainstem subserve sucking
and lapping (sCPG and lCPG; pontomedullary), respiration (rCPG; ventral medulla), nutritive
sucking-swallowing (NS-swCPG; pontomedullary), and mastication (mCPG; pons).

Suck Central Pattern Generator - sCPG
The sCPG is a neural network that consists of premotor circuits within the brainstem
pontine and medullary reticular formation and can be modulated by sensory inputs, including
somatosensory, olfactory, gustatory, and auditory as well as connections between the cerebellum
that modulate ororhythmic activity (Barlow et al., 2011). Sensory input from oral
mechanoreceptors that encode external stimulus features (i.e., touch, pacifier shape and stiffness,
breast) and oral movement can also modify the sCPG. Patterned orocutaneous stimulation has
4

been used to entrain rhythmic sucking in term infants through 6 months of age (Finan and
Barlow, 1998). Suck entrainment is defined as phase locking of centrally generated suck motor
patterns to an external stimulus, and is a powerful method of achieving neural coordination
between sensorimotor pathways (Finan and Barlow, 1998; Barlow et al., 2012).

Figure 1. Premotor, lower motor neuron, and sensory nuclei involved in non-nutritive sucking
(adapted from Barlow et al, 2019).

Figure 1 shows the relationship between sCPG, rCPG, NS-swCPG pattern generating
groups in the brainstem, and sensory modalities which may influence NNS production.
Somatosensory stimuli are encoded by cranial nerves V (trigeminal), IX (glossopharyngeal), and
X (vagus; while sensory stimuli are detected and encoded by cranial nerves (CN) V, VII (facial),
IX, X, XII (hypoglossal) and the Nucleus Ambiguous (NA) which includes motor neurons of CN
5

IX and X, and connects with motor nuclei of CN V, VII, and XII to generate the sequencing of
motor activity. Swallowing and respiratory CPGs function independently of NNS during the
emergent stages of the infant’s experience with NNS, but they appear to become more dependent
on each other with increased experience likely as a way to meet the demands required for safe
nutritive sucking (NS) to be achieved (Barlow et al., 2018; Reynolds et al., 2010; Reynolds et al.,
2018; Reynolds, 2019).

Respiratory Central Pattern Generator - rCPG
The rCPG supports metabolic breathing and vocalization and consists of circuits within
the ventral medulla. Whole-cell patch-clamp recording techniques led to the discovery and
isolation of the rCPG to the pre-Bötzinger complex (pre-BötC) in the ventrolateral medulla in
rats (Smith et al., 1991, 1992; Butera et al., 1999; Koshiya and Smith, 1999). Multiple
pacemaker neuron types in the pre-BötC complex interact to produce rhythmic output through
dorsal and ventral respiratory motor networks in the medulla oblongata (Dickinson, 2006; Smith
et al., 1991). Neuromodulators provide a mechanism to alter the relative contributions of the
different pacemakers, leading to changes in chest wall and orofacial motor output to produce
different forms of respiratory behavior. In the resting state, rhythmic respiratory activity can be
recorded from trigeminal (V), facial (VII) and hypoglossal (XII) motor neurons of neonatal rats
(Katakura et al., 1995; Koizumi et al., 2002).

Nutritive Suck-Swallow Central Pattern Generator - NS-swCPG
Nutritive sucking-swallowing is a complex sensorimotor function that is characterized by
the coordination of a bilateral sequence of activation and inhibition between more than two
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dozen pairs of muscles located within the mouth, jaw, larynx, pharynx, and esophagus (Barlow et
al., 2018). Additionally, functional connections between the sCPG and rCPG are required for
safe NS to be achieved. The swCPG is composed of interneurons within the dorsal swallow
group (DSG) and ventral swallow group (VSG). These groups are found within the medulla
oblongata and control the patterning and sequencing of the pharyngeal swallow.

Figure 2. Premotor, lower motor neuron, and sensory nuclei involved in nutritive sucking
(adapted from Barlow et al., 2019).

Generator neurons in the DSG function to trigger, shape, and time the rhythmic
swallowing pattern; while switching neurons in the VSG distribute the swallowing drive to lower
motor neurons in the pons and medulla (Barlow et al., 2019). The swCPG also regulates
interactions between relevant motor and sensory stimuli. Sensory stimuli, which correspond to
7

the size and physical properties (texture, viscosity, and compliance) of a bolus, act to initiate
swallowing and are encoded by CN V, VII, IX, and X. The type of afferent input that is detected
will largely determine the sequence, force, and increase of valve functions (e.g., velopharyngeal
closure, upper esophageal sphincter (UES) dilatation, laryngeal closure) (Barlow et al., 2018).
Figure 2 shows the relationship between sCPG, rCPG, NS-swCPG groups, CN’s, and sensory
modalities involved for NS to occur effectively.

Masticatory Central Pattern Generator - mCPG
Most infants successfully transition from liquid nutrients to semi-solid and solid food
nutrients and will manifest chewing movements by the 6th postnatal month. Masticatory rhythms
usually appear with the emergence of the teeth. More than 20 orofacial muscles working
simultaneously with respiration and swallowing are required for adequate coordination of
mastication. Mastication is presumed to be initially and predominantly controlled by a CPG
within the pons. Functional connectivity to a masticatory cortical center in the motor cortex is
typically displayed during the first year of life (Barlow et al., 2018; Jadcherla et al., 2007).

Age Terminology
There are a variety of age terminologies associated with the perinatal period that are
necessary for consistently comparing neurodevelopmental, medical, and growth outcomes
among infants (Fig. 3). Gestational age (GA) refers to the time between the beginning of the last
normal menstrual period and the date of delivery. Chronological age (CA) is the time elapsed
following the date of delivery, and can be described in days, weeks, months, and/or years.
Postmenstrual age (PMA) is the sum of GA plus CA and is described in number of weeks. It is
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most often utilized during the perinatal period following the day of birth (American Academy of
Pediatrics, 2004).

Figure 3. Terminology of ages during the perinatal period (adapted from American Academy of
Pediatrics, 2004).

Non-nutritive Suck-Swallow
Non-nutritive sucking (NNS) is an observable motor behavior characterized as a
repetitive mouthing activity on an object (finger, pacifier, etc.) without the deliverance of a
liquid stimulus (Barlow et al., 2011; Barlow et al., 2018). Safe swallows require sufficient
airway protection for newborns learning to feed orally. Preterm infants less than 32 weeks PMA
usually do not have the ability to effectively sustain full, independent oral feeds, resulting in the
need for gavage (tube) feeding until maturation and development of adequate airway protection
to take in nutrients is refined (Barlow et al., 2018). Non-nutritive sucking is often paired with
gavage feedings in the neonatal intensive care unit (NICU) as it facilitates the infants’ transition
to independent oral feeding through the developing the coordination between swallowing and
respiration (Barlow et al., 2018; Poore et al., 2008b). Additionally, development of an efficient
NNS enhances growth, gastric motility, decreases stress levels, and improves pre-feed state
9

control and oral feeds (Barlow et al., 2018). The recent Cochrane Review (2016) reported that
NNS has a significant effect on reducing the transition time (-5.5 days) from gavage to full oral
feeds, reduce the transition from start of oral feeds to full oral feeds (-2.2 days), reduce the length
of hospital stay (-4.6 days), and decrease the intestinal transit time with NNS paired with gavage
feeding (-10.5 hours) (Foster, Psaila, Patterson, 2016).
The dynamics of NNS sampled as an intraluminal pressure waveform (sensed within the
lumen of a silicone pacifier) contains a substantial amount of information in the time and
frequency domain which can be mathematically extracted as features and correlated with oral
feed status to predict feeding readiness (Liao et al., 2019). Historically, analysis of the NNS
waveform has been limited to description of coarse features, including a tally of suck bursts and
pauses, and the number and amplitude of suck compression cycles within each burst (Wolff,
1968). The fine structure of the NNS defines within-burst characteristics such as the period,
amplitude, frequency modulation of consecutive suck cycles, half-height pulse width of each
suck-cycle, calculation of the NNS spatiotemporal index (NNS STI), or discrete Fourier
transform for spectral analysis.
Quantitative measures of the coarse and fine structure of the NNS provide information
which correlates to developmental status and progression of oromotor control systems among
preterm infants (Barlow et al., 2012; Liao et al., 2019). Suck behavior emerges in utero around
12-18 weeks GA and typically stabilizes around 34 weeks PMA if the preterm infant does not
have significant pulmonary or neurologic issues (Barlow et al., 2011; Barlow et al., 2018; Miller
et al., 2003). The fetus can swallow amniotic fluid at 12 weeks GA (Humphrey, 1970). The nearterm fetus may swallow upwards of 450 mL per day (Golubeva, 1959). The NNS has been
observed in utero using Doppler ultrasound (de Vries et al., 1982; van Woerden et al., 1988), and
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fetal magnetometry (Popescu et al., 2008). A typical NNS pattern consists of a series of suck
compression bursts followed by pause periods (1-3 seconds typical) with each burst containing
6–12 suck cycles at a modal frequency of 2 Hz (frequency modulation ranging from 1.6 – 2.8
Hz; Barlow et al., 2012). By contrast, nutritive suck consists of slower suck cycles (1 Hz) and
fewer inter-burst pauses because expressing milk requires coordination of suction with swallow
and respiration (Barlow et al., 2011; Barlow et al., 2018). In preterm infants, the pharyngeal
swallow achieves rhythmic stability earlier than suckle rhythm with little change between 32 and
40 weeks (Gewolb, 2003).

Oromotor Patterning
Premature infants often exhibit oromotor dyscoordination resulting in the inability to
suck and feed orally. Oxygen supplementation therapy is one factor that may cause delayed or
impaired suck development as the respiratory therapy device fixtures attached to the nose and
lower face alters the infant’s sensory and oral experiences during the critical period when suck
and pre-feeding skills are refined (Barlow et al., 2011). Oromotor dyscoordination can lead to
serious challenges for these patients during their stay in the NICU as well as following discharge
(Estep et al., 2008; Mercado et al. 2001). Premature infants who continue to demonstrate poor
suck and oromotor dyscoordination following discharge are at a greater risk of exhibiting
significant delays in feeding, babbling, and speech-language production (Barlow et al., 2017;
Barlow et al., 2011; Imgrund, Loeb, Barlow, 2019; Loeb, Imgrund, Lee, Barlow, 2020).
Evaluation of feeding readiness and inference to brain integrity largely depends on an
infant’s display of NNS and oromotor patterning (Barlow et al., 2011; Mizuno and Ueda, 2005;
Liao et al., 2019). Coordination of the NNS precedes the suck-swallow-breathe pattern that is
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characteristic of the nutritive suck (Barlow et al., 2012). Introduction of oral feeding occurs
around 33-34 weeks PMA for infants with stable cardiopulmonary function. At this age, the
sucking pattern resembles that of term infants with rhythmic alternation of suction and
expression, the principal motor components of nutritive suck (Barlow, 2009a, b). Multiple CPG’s
are dynamically assembled in response to sensory cues and descending inputs to coordinate
suck-swallow-breathe, as well as the spatiotemporal integration and coordination of all three
rhythmic motor behaviors to achieve safe feedings (Barlow, 2009a).
Many preterm infants have significant respiratory issues, including respiratory distress
syndrome (RDS) and bronchopulmonary dysplasia (BPD). Respiratory distress syndrome, a mild
form of lung disease, is usually associated with O2 supplementation therapy that extends through
36 weeks PMA (Barlow et al., 2014a). Neonates who require O2 supplementation therapy
beyond 36 weeks PMA are classified as BPD, a more severe form of lung disease.
Bronchopulmonary dysplasia is associated with delayed and dysfunctional suck development and
is thought to be due to limited metabolic capacity for sustained motor activity and prolonged
exposure to maladaptive tactile stimulation of peri- and intraoral tissues associated with
nasogastric (NG)/orogastric (OG) intubation and nasal cannulation which disrupt trigeminofacial
integration (Shiao, 1994; Barlow, 2009a; Barlow et al., 2011). Inadequate feeding skills has been
shown to require prolonged hospitalization which can cost on average $3,500/day as it increases
risk of health complications which can be potentially fatal (Barlow et al., 2017; Barlow et al.,
2011; Soilly et al., 2014). These facts demonstrate the need for the implementation of therapeutic
tools that facilitate oromotor skill development in premature infants.

NTrainerⓇ System
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The NTrainerⓇ system is an FDA-approved (2008) biomedical device that provides
premature infants with pressurized orocutaneous stimulation. It consists of a digitally controlled
pneumatic amplifier and smart-handpiece that is compatible with a Philips AVENT SoothieⓇ
silicone pacifier used by most NICUs worldwide (Fig. 4; Barlow et al., 2014b; Barlow et al.,
2011).

Figure 4. Entrainment handpiece with silicone pacifier attached via a sterilized receiver tube. An
air pressure sensor and electronic valve is attached to the body of the handpiece and serves to
transmit pressurized pulses and sample the infant’s NNS motor pattern. The START/STOP touch
switch provides the user control of automated data acquisition and stimulus protocols (courtesy
of Innara Health, Inc., Olathe, KS USA)

When the SoothieⓇ is attached to the handpiece it delivers pressurized orocutaneous
stimulation which mimics the desired non-nutritive suck spatiotemporal dynamics (Barlow et al.,
2008; Poore et al., 2008). Research suggests that rapid improvement in oromotor coordination
leads to a shorter length of hospitalization for those infants provided orocutaneous stimulation
compared to those not provided treatment (Barlow et al., 2014a; Barlow et al., 2017; Song,
Jegatheesan, Nafday, et al., 2019).
Non-Nutritive Suck (NNS) Spatiotemporal Index
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Stimulation of the perioral region activates reflex responses, known as "perioral reflexes"
in lip muscles, primarily the orbicularis oris superior (OOS) and orbicularis oris inferior (OOI)
(Appenteng et al., 1982; Bratzlavsky, 1979; Lund et al., 1982). According to Smith et al. (1985,
1987), some scientists have debated whether or not perioral reflexes play a role in the production
and organization of normal oromotor behaviors. In order to determine whether or not these
reflexes are involved in producing oromotor behaviors, Smith et al. (1985, 1987) studied reflex
pathways and their spatial organization during phonation and speech through electromyography
(EMG) recording and by providing electrical stimulation to 11 different sites on and around the
vermilion borders of the upper and lower lips. The purpose of these experiments was to
determine whether perioral reflexes are present during speech and to potentially gain information
about their functions. The results of both studies suggest that these reflexes are not suppressed
during speech production and that there are significant differences in the strength of reflex
response dependent on the location of electrical stimulation. Stimulation of the glabrous - smooth
- skin of the lip produced the largest response, whereas, stimulation of the chin produced no
response. Additionally, findings suggest that the upper and lower lips share a common synaptic
drive leading to a closing and compression gesture between both lips when either one is
stimulated during speech.
(Estep & Barlow, 2007) and nonspeech maneuvers (Andreatta, Barlow, Finan, Biswas,
1996; Barlow, Bradford, 1996). The fetus and preterm infants show considerable reflex
sensitivity to manual probes and servo-controlled mechanical stimuli delivered to the mouth and
perioral skin (Humphrey, 1970; Barlow, Finan, Rowland, 1992; Barlow, Finan, Bradford,
Andreatta, 1993; Barlow et al., 2000; Barlow et al., 2001). However, our understanding of the
relation between perioral reflex evolution and oral feeding readiness in premature infants is
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unknown. However, it seems probable that reflex activation may be triggered during feeding
given the substantial force modulation and lip contact that occurs and could potentially
contribute to oromotor refinement and coordination during motor learning.
The emergent pattern of NNS burst and pause is an important skill for premature infants
to master with eventual coordination of respiration and swallowing. This burst is characterized as
2 or more suck cycles meeting user-defined suck cycle periods (e.g., <1200 ms) and its stability
can be analyzed utilizing a digital signal processing technique known as the spatiotemporal index
(STI). The STI is a single numerical value that is calculated from the “sum of the standard
deviations of an amplitude- and time-normalized set of kinematic trajectories (i.e. movement,
force, pressure), and represents the stability of a motor sequence” (Poore et al., 2008; Poore et
al., 2011). It is an analytical tool that has been utilized to measure variability and pattern
formation in speech and limb motor subsystems with promising results (Smith et al., 1985; Smith
et al., 1987; Smith et al., 2004).
Movement trajectory and pattern formation has been studied successfully through STI
analysis of orofacial kinematics during speech (Smith et al., 2000; Smith and Zelaznik, 2004).
Speech requires the control of oral articulators to produce dynamic variations within the vocal
tract. Smith and Zelaznik (2004), utilized the STI to analyze the movement trajectory of orofacial
kinematics during speech over time in 180 subjects ranging from 4-22 years. Motor control
theories suggest there are consistent patterns of activation for limb movement. Based on this,
Smith and Zelaznik inferred that these patterns of activation can also be found in the oral motor
movements required to produce speech. Results from this study suggested that maturation of the
components of the motor system and brain subsystems for language processing likely contribute
to the development of oral motor coordination for speech. The control and coordination of these
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effectors appear to be automatic, effortless, and usually error free. If speech production is viewed
within the framework of classical motor control theories, we can infer that adults have organized
functional synergies (consistent patterns of activation of muscle collectives) that act as stable
subunits.

Figure 4. Comparison of high STI value (top) and low STI value (bottom) (adapted from Poore
et al., 2008b)
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Since NNS is comprised of a repeating oromotor burst event, implementation of an STI
calculation would provide the ‘gestalt’ of NNS pattern evolution which then could be used to
monitor development and stability of this important pre-feeding skill in in premature infants. To
this end, the STI algorithm is applied to a subset of normalized suck pressure waveforms to
calculate the stability of the infant’s NNS burst structure. A relatively high STI value (i.e., 80 –
90) indicates inadequate coordination of suck cycles during NNS bursting and is typical of
premature infants at 28-32 weeks PMA, whereas a low STI value (20-40) indicates a wellformed burst motor pattern with low variation across burst events (Fig. 4). Higher STI scores
suggest that the sCPG is underdeveloped and/or neurologic status is compromised (Liao et al.,
2019).
Non-nutritive suck STI analysis is based on the most productive two minutes of NNS
activity during an NTrainer assessment session in the NICU. NNS bursts are subject to automatic
waveform discrimination, and the amplitudes of suck cycles within-burst are ranked and indexed
for subsequent array processing. A fixed burst number is typically used to compare STI values
within and across infants. For this study, the first 5 peaks from the top 5 NNS bursts were subject
to the STI analysis.

Hypotheses
It was hypothesized that the NNS STI measure in EPI’s will show:
● a significant main effect as a function of gestational age [stratified among two age
groups (24 0/7 - 26 6/7 wks and 27 0/7 - 28 6/7 wks)]. EPI’s in the older GA group are
expected to show lower STI scores compared to EPI’s in the younger GA group.
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● a significant main effect as a function of PMA, wherein as EPI’s become older, they are
expected to show progressively lower STI scores compared to younger EPI’s.
● a significant main effect as a function of the lung disease diagnosis. EPI’s diagnosed
with RDS are expected to show lower STI scores compared to EPI’s diagnosed with
BPD.
● a significant main effect as a function of receiving pulsed NTrainerⓇ stimulation or a
Sham condition; EPI’s who received the pulsed oral stimulation were expected to show
lower STI scores compared to EPI’s who received the Sham condition.

Method
Patients
For the current research prospectus, study participants included 42 EPI’s born between 24
0/7

and 29 wks gestation (19M/23F, GAmean (SD)=188.71(8.32) days) as determined by obstetric

ultrasound at <15 weeks or last menstrual period. Average postmenstrual age was 235.37 with an
SD of 12.269. Twenty-six EPIs developed RDS and 16 required supplemental O2 past 36 weeks
PMA and were diagnosed with BPD. This sample of EPI’s was recruited from three neonatal
intensive care units, including CHI Health St. Elizabeth (Lincoln, NE), Tufts Medical Center
(Boston, MA), and Santa Clara Valley Medical Center (San Jose, CA). Written informed
consent, approved by the University of Nebraska Institutional Review Board and the respective
NICUs was obtained for each participant prior to entry into the study.
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Exclusion Criteria
Chromosomal and congenital anomalies including craniofacial malformation, CNS
anomalies, cyanotic congenital heart disease, gastroschisis, omphalocele, diaphragmatic hernia
and other major gastrointestinal anomalies; congenital infection; no documented GA; severe
intrauterine growth restriction (IUGR) (3%); abnormal neurological status including head
circumference <10th or >90th percentile, intracranial hemorrhage grades III and IV, seizures,
meningitis, neurological examination showing abnormal tone or movements of all extremities for
PCA; history of necrotizing enterocolitis (stage II and III); and culture-positive sepsis at study
enrollment.

Protocol
EPI’s were stratified into two groups based on GA (24 0/7 - 26 6/7 wks, and 27 0/7 - 28 6/7
wks) and randomized to receive either the NTrainerⓇ or Sham intervention. Infants assigned to
the NTrainerⓇ group received a progressive dose of three 3-minute blocks separated by 1-minute
rest periods during gavage feeds 3 times/day [Mon-Fri]. EPI’s randomized to the Sham condition
were given a regular SoothieⓇ silicone pacifier during tube feedings with the same presentation
schedule.

Orocutaneous Stimulation
The NTrainerⓇ intervention consisted of a series of 6-cycle bursts that were delivered by
a servo-controlled pneumatic amplifier to the lumen of a standard silicone pacifier (SoothieⓇ)
(Figure 5). These pneumatic bursts were frequency modulated (FM) from 2.8 to 1.6 Hz across
the 6-cycle structure, with a 2-second pause period between bursts. Individual pressure cycles
19

had a 31 millisecond (ms) rise or fall time to ensure salient stimulus spectra with significant
energy from DC-16 Hz (Barlow et al., 2014b). Frequency modulation is a physiologic feature of
the NNS in preterm infants (Barlow et al., 2012). A total of 34 bursts were presented over a 3minute block with a 1-minute rest period (no stimulation) occurring between stimulation blocks.
In order for initiation of orocutaneous therapy to be initiated the following criteria had to be met:
(1) stable vital signs, (2) not on continuous vasopressor medications, (3) tolerated enteral feeds in
past 48 hours, and (4) not intubated and/or mechanically ventilated (Barlow et al., 2017;
somatosensory modulation).

Figure 5. An EPI receiving PULSED orocutaneous stimulation during gavage feeding in the
neonatal intensive care unit, with an NG tube placed through the right nares; the NTrainerⓇ
system is shown in the left picture and the NTrainerⓇ smart-handpiece and Soothie pacifier is
shown in the right picture (Photo courtesy of Innara Health, Inc., Olathe, Kansas USA).

The Sham intervention was administered using the SoothieⓇ during tube feedings over
the same schedule and data collection was handled in the exact same way as the NTrainerⓇ
intervention. During Sham, the pacifier was not pressurized and modulated (Barlow et al., 2017).
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EPI’s were assigned to either of these conditions using a double-blind method, where the
medical care team – physicians, nurses, and other NICU care staff – were not informed to EPIs’
assignments. Only the study coordinator (typically a neonatal nurse specialist, or feeding
specialist) was knowledgeable about the treatment assignment. Our project biostatistician was
blinded to the treatment assignment as well. Each NICU test site utilized a standardized cuebased feeding (infant driven feeding) schedule (Ludwig and Waitzman, 2007; Waitzman et al.,
2014; Barlow et al., 2017) to progress EPI’s toward full nipple feeds.

NNS Data Acquisition in the NICU
In addition to receiving one of two orocutaneous interventions, EPI’s were assessed 3
times/week (Monday/Wednesday/Friday) for their NNS performance. The NTrainerⓇ System
was used in “assessment mode” to record the oral compression dynamics of NNS for 3 minutes
followed immediately by a tube feeding not related with the intervention condition (Barlow et
al., 2017).

Patient Medical Data Management in the NICU
Participant data was managed through the Neonatal Oromotor Database, a custom MS
Access software developed in the Barlow laboratory specifically for NTrainerⓇ studies (Barlow
et al., 2017). It is compatible with Microsoft WIN10 and has security systems in place through
password-protection and coding executable through Microsoft Access 2013. This software is a
paperless and efficient way for NICU study personnel to log daily information including
birthdate; birth order; sex; birthweight; body length; head circumference; GA; apnea,
bradycardia, and desaturation (ABD); medications; retinal integrity, imaging results, growth
21

parameters; pulmonary status, supplemental oxygen requirements; medical procedure log; daily
history of feeding volumes and mode of intake (NG, OG, breast, bottle); and caretaker
comments.

NNS Digital Signal Processing Pipeline
The NNS STI measure was automatically extracted from each NNS assessment data file
in a batch file process mode for data collected from our three participating NICU’s using a new
Python-based analysis program (NeoNNS) developed in our laboratory (MS WIN10 x64; Liao et
al., 2019). Source NNS data files (3K samples/sec, 16-bit ADC, 3-min, 540,000 data sample
length/file) were preprocessed to remove transients and high-frequency noise from the nipple
compression pressure waveform using a 4-pole, digital Butterworth low-pass filter (fc @ 50 Hz).
The NNS pressure signal was subject to a slow thermal drift due to the heat transferred from the
EPI’s mouth to the pacifier nipple air volume. Baseline correction of the pressure signal over the
full 3-minute waveform was automatically calculated by Asymmetric Least Squares Smoothing
(ALSS) baseline correction algorithm (Eilers and Boelens, 2005). This computation was iterated
10 times to find the best baseline fit of the NNS data (Liao et al., 2019).
Waveform data were subsequently downsampled to 100 samples/sec to improve memory
resource management, accelerate graphic display, and computational throughput. Waveform
fidelity at this downsampled rate preserved the fine details of suck pressure waveform
morphology and maintained feature discrimination consistency (Liao et al., 2019).
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Figure 6. The graphical user interface of the NeoNNS, includes five pages: (1) NNS View, (2)
Pan View, (3) Result View, (4) Power Spectrum View, and (5) STI View (adapted from Liao et
al., 2019).

The next step involved automatic computer recognition of the most active 2-minutes of
NNS burst production at 1.6 cm H2O thresholding and feature detection to discriminate NNS
cycling from other forms of oromotor activity (tongue thrusting, jaw bite, and posturing) which
have lower spectral content and wavelet shapes that are distinct from NNS. Non-nutritive suck
burst identification was defined as two or more NNS events occurring within 1200 ms. This
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algorithm provided objective identification of NNS burst activity distinct from non-NNS
mouthing compressions or tongue thrusts against the pacifier. The resulting NNS pressure
waveforms were processed by our STI algorithm using the first 5 peaks from 5 successive bursts
(Poore et al., 2008a; Liao et al., 2019). Selected bursts were time- and amplitude-normalized.
The sums of standard deviations were subsequently calculated at 100 sample intervals on the
ensemble of normalized NNS waveforms (each containing 10,000 samples) for each burst model
type. The resulting numeric value was the NNS STI.
Figure 6 displays the graphical user interface of the NeoNNS. There are five independent
pages: (1) NNS View, (2) Pan View, (3) Result View, (4) Power Spectrum View, and (5) STI
View. Only the STI View page will be discussed for our purposes.

STI View
Liao et al. (2019) provided a visualization of the STI algorithm in the NeoNNS software
program, labeled as (5) in Figure 6. The upper panel shows an overlay of 5 individual NNS
bursts, each having 5 suck cycles. Step 2 of the STI algorithm is shown in the middle panel that
includes time- and amplitude normalization of the five NNS bursts scaled as a 10,000 point
sample window. The bottom panel shows the standard deviation of the N normalized burst
segments from the second panel and displays the resulting STI value in the upper right corner of
the waveform plot. Once the STI is calculated, the Result View page displays a view of the
calculated NNS dynamics features. All the intermediate results are saved in a *.csv format, and
filenames are user-defined.
Figure 7 shows an example of NNS STI results among 5 bursts for an EPI at 231 days
PMA (TMC09: Fig. 5, left panel) and eighteen days later at 249 days PMA (Fig. 5, right panel).
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In the upper left panel, NNS STI is relatively poor at 72.13, whereas, in the upper right panel the
NNS STI is 27.80. Following normalization, greater synchrony and a higher amplitude is fairly
evident at 249 days compared to 231 days. The final row displays the standard deviation plotted
as a function of the data sample and demonstrates a much larger variance in the lower left panel
compared to the lower right panel. Overall, the data suggests a substantial improvement in
developmental progression of NNS burst structure.

Figure 7. A comparison of NNS STI and spectral results for an EPI (TMC09) at 231 days PMA
(left column) and 249 days PMA (right column), respectively (adapted from Liao et al., 2019).

Statistical Model
The primary endpoint was the longitudinal comparison of NNS STI performance between
two stimulus types (NTrainerⓇ, SHAM), each consisting of two preterm infant groups (RDS,
BPD). Linear mixed modeling (LMM) was used to examine the effect of stimulus type, the effect
of infant group, and their interaction while accounting for infants’ GMA, PMA, sex, as well as
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dependency among performance observations repeatedly measured at multiple time points. The
model parameters were estimated via restricted maximum likelihood (REML), which often
produces unbiased parameter estimates with an unbalanced sample and/or incomplete data.
When the interaction between stimulus type and infant group was significant at 0.05 alpha level,
adjusted means of the four conditions (RDS in NTrainerⓇ, BPD in NTrainerⓇ, RDS in SHAM,
BPD in SHAM) were pairwise compared at a Bonferroni-corrected alpha level (i.e., 0.05/6 =
0.008). A proper error covariance structure was determined in a preliminary analysis (i.e.,
intercept-only model) based on model fit (e.g., adjusted Akaike Information Criterion, Bayesian
Information Criterion). All analyses were conducted using SAS 9.4 (SAS Institute, 2002-2012).

Results
The LMM was completed for the dependent variable STI on a sample of 817 NNS
compression pressure waveforms sampled from 42 EPI neonates. Main effects for Sex
(p=.7263), Respiratory Dx [RDS, BPD] (p=.2128) were statistically non-significant. There was a
marginally significant treatment effect (p<.10). There was no significant interaction of
pulmonary disease status and orosensory treatment (p=.41). The STI measure was significantly
influenced by postmenstrual age (p<.0001). This relation is shown as raw means over PMA for
males and female EPI babies in Figure 8. The decreasing trend in STI values as a function of
PMA is described by the following non-linear regression functions:
ymale = 0.001x3 – 0.7191x2 + 167.05x – 12737
yfemale = -0.0025x3 + 1.8156x2 – 435.85x + 34921
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Figure 8. NNS STI versus postmenstrual age (PMA). The STI values were averaged for each
preterm participant across multiple measurements of NNS activity in the NICU. The dotted lines
are marginal means estimated as a polynomial function of PMA in cubic regression.

A comparison of raw means and polynomial trendlines (marginal means) for NNS STI by sex
and age are shown in Figure 8. Negative growth in the dependent variable NNS STI is shown
for preterm infants from 209 to 270 days PMA (p<.001). An analysis of growth rates using a
simple linear regression model for male infants (N=19) shows NNS STI decreases 0.8748 units
per PMA day (F=20.43, p<.001, R2=54.6%) and is described by the expression,

[♂] NNS STI = 280.4 – 0.8748x, where x equals PMA.
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A polynomial fit to the male data, shown in Figure 8, resulted in an improved fit (R2=63.9%) and
is given by the expression,

[♂] NNS STI = 0.001x3 - 0.7191x2 + 167.05x - 12737

Female infants (N=23) showed a relatively flat, non-significant change in NNS STI during the
intervention phase. The slope associated with linear regression is -0.2114 (F=0.71, p=.408,
R2=3.3%) and is described by the expression,

[♀] NNS STI = 124.3 – 0.2114x

A polynomial fit to the female data, shown in Figure 8, resulted in an improved fit (R2=16.54%)
and is given by the expression,

[♀] NNS STI = -0.0025x3 + 1.8156x2 - 435.85x + 34921

Discussion and Conclusions
Non-nutritive suck-swallow is an important prerequisite skill for feeding readiness that
facilitates the infant’s transition to independent oral feeding by developing coordination between
swallowing and respiration (Barlow et al., 2018; Poore et al., 2008b). Infants who experience
oromotor dyscoordination while in the NICU are at a greater risk for serious challenges during
their stay in the NICU as well as following discharge (Estep et al., 2008; Mercado et al. 2001).
Those infants who continue to demonstrate poor oromotor dyscoordination into early childhood
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are also at an increased risk of exhibiting significant delays in feeding, babbling, and speechlanguage production (Barlow et al., 2017; Barlow et al., 2011). Therefore, there is a significant
need for objective assessment tools and interventions to determine when initiation of intervention
and identification of infants who will positively respond to orocutaneous stimulation treatment as
data are limited (Barlow et al., 2017; Poore et al., 2008b).
Earlier studies debate whether perioral reflexes might play a role in the coordination of
oromotor behaviors (i.e., mastication and speech). While some studies suggest that these reflexes
are suppressed during speech and only active when aversive stimuli is present, others suggest
that they are actively involved in accomplishing speech movements (Estep and Barlow, 2007).
For example, the results of both studies conducted by Smith et al., (1985, 1987) suggest that
these reflexes are not suppressed during speech production and that stimulation of the glabrous
skin of the lip produces the greatest reflex response. Additionally, findings suggest that the upper
and lower lips shared a common synaptic drive meaning that stimulus to either one leads to a
closing and compression gesture between both lips. As a result, it seems probable that reflex
activation may be triggered during feeding as there is substantial lip contact that occurs and
could be a potential contributing factor in oromotor coordination of premature infants (Smith,
Johnson, McGillem, Goffman 2000; Smith, Moore, McFarland, Weber 1985; Smith, McFarland,
Weber, Moore 1987; Smith, Zelaznik 2004). One study that assessed the relationship between
CPGS and oromotor coordination obtained results suggesting linkages between a variety of
CPGs and their facilitation toward the development of oromotor coordination for safe oral feeds
in preterm infants (Barlow, Rosner, Song, 2018). While the results of these studies have
important implications, it is insufficient for resolving this debate and further experimentation
continues to be needed.
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Figure 9. NNS STI marginal mean and pairwise comparison for respiratory diagnosis and
treatment type.

There are currently no other studies providing information as to the efficacy of the STI in
measuring NNS stability in premature infants. However, it has been utilized in previous studies
to measure variability and pattern formation in speech and limb motor subsystems with results
suggesting its effectiveness; therefore it made sense to use this measure for this study (Barlow et
al., 2011; Poore et al., 2011). The results of the current study suggest that the decrease of NNS
STI as a function of PMA is statistically significant. This indicates that rhythmic oromotor
sequencing during NNS becomes more stable over time. Treatment type was marginally
significant between BPD and RDS neonates receiving the NTrainerⓇ intervention, indicating that
a larger sample size will help to elucidate this relationship with NNS STI scores, and potential
effects of pulmonary status (Fig. 9).
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Findings of other studies suggest that NTrainerⓇ therapy significantly increases
developmental gains in oral feeding proficiency among EPI’s (Barlow et al., 2017; Poore et al.,
2008a). Results for treatment effect may have been affected by data being taken from a relatively
small sample size of participants. Future studies may consider obtaining a larger sample size to
have more conclusive results, as well as obtaining a more representative sample size by
recruiting additional hospitals across the country.
Overall, the NNS STI is effective for assessing oromotor skills in preterm infants by
providing quantitative information about oromotor stability. Additionally, the new Python-based
NNS analysis software (Liao et al., 2019) opens new possibilities for managing large data sets
across multiple NICU centers on a standardized analytic platform. This software coupled with
automatic extraction of NNS STI measures from each NNS assessment data file allows for a
more rapid method of obtaining important objective information on the progression of
ororhythmic motor pattern formation within the NICU. Compared to previous software methods
which required a lot more work and calculations using tools like MatLAB, the NeoNNS makes it
easier for NICU clinicians to make determinations about future treatment plans in a timely
manner.
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